The hypothalamo-pituitary-adrenocortical (HPA) axis regulates stress physiology and behavior. To achieve an optimally tuned adaptive response, it is critical that the magnitude of the stress response matches the severity of the threat. Corticotropin-releasing hormone (CRH) released from the paraventricular nucleus of the hypothalamus is a major regulator of the HPA axis. However, how CRH-producing neurons in an intact animal respond to different stressor intensities is currently not known. Using two-photon calcium imaging on intact larval zebrafish, we recorded the activity of CRH cells, while the larvae were exposed to stressors of varying intensity. By combining behavioral and physiological measures, we first determined how sudden alterations in environmental conditions lead to different levels of stress axis activation. Then, we measured changes in the frequency and amplitude of Ca 2ϩ transients in individual CRH neurons in response to such stressors. The response magnitude of individual CRH cells covaried with stressor intensity. Furthermore, stressors caused the recruitment of previously inactive CRH neurons in an intensity-dependent manner, thus increasing the pool of responsive CRH cells. Strikingly, stressor-induced activity appeared highly synchronized among CRH neurons, and also across hemispheres. Thus, the stressor strength-dependent output of CRH neurons emerges by a dual mechanism that involves both the increased activity of individual cells and the recruitment of a larger pool of responsive cells. The synchronicity of CRH neurons within and across hemispheres ensures that the overall output of the HPA axis matches the severity of the threat.
Introduction
An integrated stress response is triggered when animals face a state of threatened homeostasis. Although the stress response is essential for survival, it becomes detrimental when chronically active, and there is a growing association of stress response dysfunction with disorders such as anxiety, depression, hyperten-sion, and memory impairment de Kloet et al., 2005; Lupien et al., 2009) .
The stress response involves multiple sites in both the CNS and the periphery, and the hypothalamo-pituitary-adrenocortical (HPA) axis represents one of the key sites for stress response regulation (Charmandari et al., 2005) . During the stress response, a small population of neuroendocrine neurons in the paraventricular nucleus (PVN) of the rostral hypothalamus secretes corticotropinreleasing hormone (CRH) and arginine vasopressin (AVP) into the hypothalamo-pituitary portal circulation. Acting on the anterior pituitary gland, CRH and AVP trigger the release of adrenocorticotropic hormone (ACTH) into the general circulation, which induces the release of glucocorticoids (GCs) from the adrenal cortex. GCs are pleiotropic final effectors of the HPA axis, with numerous targets in both the CNS and the periphery. GCs also exert negative feedback control on the pituitary and the hypothalamus to downregulate the stress response.
The analysis of CRH neuron activity has been challenging until recently because of the difficulty of identifying CRH neurons in vivo. Importantly, the recent development of transgenic mouse lines has allowed for the morphological and electrophysiological characterization of CRH cells (Alon et al., 2009; Martin et al., 2010; Wamsteeker Cusulin et al., 2013; Itoi et al., 2014) . Although these studies confirmed the activation of CRH cells after stress exposure, analysis of CRH neuronal activity was limited to ex vivo, poststress preparations; these studies did not address the response of CRH cells to acute stressors. Because the integrated stress response involves many areas in the brain and periphery, its analysis should ideally be performed on an intact animal. However, real-time measurement of cellular activity in response to a stressor, especially in deeper brain areas, has been challenging.
In this study, we took advantage of the transparency and small size of zebrafish larvae to analyze how CRH neurons respond to different acute stressor intensities. To this end, we combined highly controlled stressful inputs with the simultaneous recording of cell activity using two-photon calcium imaging of genetically labeled CRH neurons in intact zebrafish larvae.
Materials and Methods

Fish maintenance
Zebrafish were kept under standard conditions at 28.5°C on a 12 h light/ dark cycle (Westerfield, 2000) . Embryos of either sex were raised in either eggwater (300 mg/L Red Sea Coral Pro Salt) or E2 medium (5 mM NaCl, 0.25 mM KCl, 0.5 mM MgSO 4 , 0.15 mM KH 2 PO 4 , 0.05 mM Na 2 HPO 4 , 0.66 mM CaCl 2 , 0.71 mM NaHCO 3 , pH adjusted to 7.0). The AB/TL strain was used for bacterial artificial chromosome (BAC) or plasmid injections. The Tg(otpa3kb:GCaMP3.0); Tg (crh:RFP) zebrafish line was used for in vivo two-photon imaging; and the Tg(POMC:GFP); Tg(crh:RFP) zebrafish line (Liu et al., 2003) was used for immunohistochemistry (IHC). The 0.2 mM 1-phenyl-2-thiourea (PTU; Sigma-Aldrich) was added to the medium when larvae were raised for imaging. All experimental procedures were in accordance with the national animal welfare law and were approved by the local government (Regierungspräsidium Karlsruhe; Animal Protocol Numbers G149-13 and G29-02).
Transgenic lines
The crh:RFP construct was generated by homologous BAC recombination using the BAC clone CHORI-73 28103 and the Red/ET kit (Gene Bridges). Homology arms with the following sequence were cloned into the targeting vector: homology arm 1, GTTTAAACTGGTAATCTTTGTGCTAGTC AGTTTGTATTGCTATGGATGCGTCCTCGTGTTTTGCGCACAAT GAGGCACCCAGCTATCCAACTTTTAAGGCGCGCGTAAATGCCC AAGTGGATTTAAAAATATGCATGCGATGCAATGCAATGCAAAA AAAAATTAACGCAAGTGTTCACTAAGGGCGCTTTGATTAAATTG   CATCTGTCAAGGATTGAGCTCCGTCCCAGAGTGCGCAAAACAGTT  GCCGAGAAGTTGAAATAGTGCGCATAATTGACTCACTTCTCCCGC  AGATTCTCCTCGCCACTTTTTGA; and homology arm 2, GACAGTT  TGACACCTCTTGTCTAAGATTATTGACATGAAAATGATTAAATC  ATGTTTAAAATATATACACTAGAGCATATTTCACAATCACCACGTT  TAAA. The crh exon 2, containing the complete coding region, was replaced by the tagRFP gene (Evrogen). An iTol2 cassette (Suster et al., 2011) was inserted into the BAC backbone. The modified BAC was purified using a BAC purification kit (Qiagen) and injected at a concentration of 50 ng/l into single-cell stage embryos in the presence of 0.2 M KCl, 50 ng/l Tol2 transposase RNA, and 0.25% phenol red. More than 30 founders were identified, and 1 founder (number 35) with robust tagRFP expression in the neurosecretory preoptic area (NPO) was selected for further propagation. In this Tg(crh:RFP) line, red fluorescent protein (RFP)-positive cells were clustered in the NPO as well as scattered throughout the diencephalon. crh specificity was tested by combining crh in situ hybridization (ISH) and RFP IHC. The RFP-positive cell cluster in the NPO was largely crh positive, while additional RFP-positive cells scattered in the diencephalon were crh negative.
The otpa3kb-hsp-GCaMP3.0 plasmid was generated using the Tol2 kit (Kwan et al., 2007) . p5E-otpa3kb-hsp was created by PCR amplifying ϳ3 kb of the regulatory region of the transcription factor orthopedia a (otpa; Ryu et al., 2007) from genomic DNA and 1.5 kb of the hsp70-4 basal promoter (Halloran et al., 2000) , and subcloning both fragments into p5E-MCS. To create the pME-GCaMP3.0 plasmid, full-length GCaMP3.0 (Tian et al., 2009 ) was PCR amplified from the GCaMP3.0 plasmid (catalog #22692, Addgene) and subcloned into the pME-MCS. p5E-otpa3kb-hsp and pME-GCaMP3.0 were recombined together with p3E-polyA into the destination vector pDestTol2pA2. The construct was injected together with transposase mRNA, as described previously (Kwan et al., 2007 
In situ hybridization and immunohistochemistry
Fluorescent in situ hybridization was performed as described previously (Lauter et al., 2011) using a crh probe (Löhr et al., 2009) . Immunohistochemistry was performed as described previously (Kastenhuber et al., 2010) using a rabbit anti-tagRFP antibody (Evrogen) diluted at 1:1000 and a chicken anti-GFP antibody diluted at 1:1000 (Roche) to detect GCaMP3.0. Alexa Fluor 546 anti-rabbit and Alexa Fluor 488 anti-chicken secondary antibodies (Invitrogen) were used at a 1:1000 dilution. Tg(crh:RFP) ; Tg(otpa3kb:GCaMP3.0) double-transgenic larvae of either sex were raised to 5 or 6 d postfertilization (dpf) in eggwater (when applying pH stress) or E2 medium (when applying osmotic stress) containing PTU, and sorted for RFP and GCaMP3.0 expression before imaging. Single larvae were incubated in ␣-bungarotoxin (1 mg/ml; Tocris Bioscience) for 5 min and embedded, dorsal side up, in 2% low-melt agarose (Roth) in the imaging chamber. Embedded larvae were acclimatized to the constant flow of medium at 300 l/min heated to 25°C for 5 min before starting two-photon imaging.
Two-photon imaging and stressor application
A custom-built two-photon microscope was used to perform Ca 2ϩ imaging. Excitation light provided by a titanium sapphire laser (915 nm; Mira 900, Coherent) was passed through a 20ϫ water-immersion objective (HCX Apo L20ϫ/1.00 W, Leica). Emission light was filtered using bandpass filters (D 535/50 for GCaMP3.0 and HQ 585/40 for RFP) and was collected using photomultiplier tubes (Hamamatsu). Time series were recorded at a resolution of 256 ϫ 256 pixels and a frame rate of 3.4 Hz. pH in the imaging chamber was monitored using a pH and a reference microelectrode (pH-100 and REF-100, Unisense). Electrodes were calibrated before each imaging session using calibration solutions of pH 4, pH 7, and pH 10 (Merck). Salinity changes within the chamber were monitored by measuring the liquid junction potential. A glass pipette whose tip was sealed with 2% agarose was filled with E2 medium, and an Ag/Cl electrode was used as a reference electrode. Electrodes were cali-brated by measuring the junction potential of solutions of fixed NaCl concentration (12.5, 25, 50, 75, 100, 125, 250 , and 500 mM) before each imaging session. Stimuli were applied by perfusing concentrated solutions of 100 mM NaCl, 200 mM NaCl, 0.1 mM HCl, or 1 mM HCl through the chamber using a transistor-to-transistor logic (TTL)-controlled solenoid valve switch (NPI Electronic Instruments). For the control condition "E2 medium," the valve was switched, but larvae were perfused with E2 medium.
After the recording, larvae were fixed in 4% paraformaldehyde overnight at 4°C for post hoc immunohistochemistry and in situ hybridization.
Data analysis
Fluorescence time series were registered using ImageJ TurboReg to eliminate translational motion artifacts and cropped. Regions of interest were manually selected using a custom-made LabView tool (Gabriel et al., 2012) . Fluorescence signals were expressed as relative fluorescence changes dF/F0 ϭ (F Ϫ F0)/F0 after background subtraction using the lowest of 20 bin values as the baseline signal and stimulus traces were plotted using IGOR Pro. Ca 2ϩ events (i.e., transient increases in the fluorescence signal) were detected semiautomatically using a custom-made Labview tool. To enable this, a variance trace of each fluorescence time series was computed and smoothed using a moving average filter with a 20 sample-point window. The threshold for this smoothed variance trace was empirically adjusted to detect transient changes in the original fluorescence signal. Empirical threshold adjustment was essential to improve event detection because it eliminated false detection of events associated with slow drifts in the baseline of the signal, which could vary from cell to cell. Temporal windows for these detected Ca 2ϩ events were set based on imaging frames between events for all events above threshold. Peaks (maxima) and onsets were automatically detected within these temporal windows. Quantification and statistics were performed using GraphPad Prism.
Behavior analysis
Avoidance and locomotion experiments were conducted at a mean temperature of 28 Ϯ 1°C under infrared (IR) light only, delivered through a custom-made array of IR-LEDs mounted inside a custom-made lightproof enclosure placed on a vibration-free platform (Newport). Larvae were imaged at 25 frames/s through an infrared-sensitive camera (ICD-49E B/W, Ikegami Tsushinki Co., Ltd.) with its lens (TV Lens, Computer VARI FOCAL H3Z4512 CS-IR, CBC) positioned above a custom-made swimming chamber. EthoVision XT software (Noldus Information Technology) was used to monitor the movements of larvae swimming individually inside the chamber. In all experiments, larvae were allowed to adjust to the conditions of the chamber for 15 min before video recording. Tests were conducted between 9:00 A.M. and 6:00 P.M., and testing of different experimental groups was intermixed throughout the day. We used two different swimming chambers with transparent bottoms for avoidance and locomotion tests. A rectangular chamber (length, 40 mm; width, 20 mm; height, 10 mm) holding a volume of 4 ml of E2 medium was used for avoidance tests. A cylindrical chamber (internal diameter, 10 mm; height, 10 mm) holding a volume of 400 l of E2 medium was used for locomotion tests. Experiments with the cylindrical chamber were conducted using flowing water; a peristaltic pump (IPC Ismatec, IDEX Health & Science) and two opposite overtures at the bottom of the chamber (inlet and outlet; width, 2.5 mm; height, 400 m; oriented at 90°relative to the longest axes of the side channels) allowed E2 medium (kept at 28°C Ϯ 0.1°C) to flow at a constant rate of 200 l/min. Using a computer-controlled perfusion system (Octaflow, ALA Scientific Instruments), known volumes of either NaCl or HCl solution were added to the inner medium of the chamber. Teflon tubes (internal diameter, 230 m; outer diameter, 600 m) were used to connect reservoirs of NaCl and HCl solutions to the chamber containing E2 medium, and entry into the chamber was controlled by solenoid valves; TTL signals triggered the opening and closing of the valves (opening time, either 1 or 2 s depending on the solution; pressure, 1 psi).
Avoidance tests. Five microliters of E2 medium (control), 50 mM NaCl solution (salt exposure), or 1 mM HCl solution (pH drop) were added to the E2 medium in the rectangular chamber (opening time, 2 s; pressure, 1 psi). The movement and space use of a single freely moving larva was monitored before, during, and after the addition of 5 l of E2 medium, NaCl solution, or HCl solution, as described above.
Locomotion tests. Two microliters of E2 medium (control), NaCl solution (low concentration, 250 mM; high concentration, 500 mM), or HCl solution (low concentration, 250 M; high concentration, 1 mM) were injected into a mixing compartment positioned 10 mm from the inlet of the cylindrical swimming chamber. Teflon tubes were used to connect the reservoirs of the various solutions (as described above) with a mixing compartment, allowing the solutions to be mixed with the flowing E2 medium before reaching the inner chamber (opening time, 1-2 s; pressure, 1 psi). The movements of single larvae were monitored before, during, and after the addition of 2 l of E2 medium, NaCl solution, or HCl solution, as described above.
Cortisol analysis
Groups of 30 5 dpf larvae (experimental unit) were incubated for 10 min in either eggwater or eggwater plus 0.1, 0.5, or 1 mM HCl to study changes in cortisol levels in response to a pH drop. The larvae were incubated in E2 medium or E2 medium plus 25, 100, or 200 mM NaCl for 10 min to study changes in cortisol levels in response to changes in salinity. Cortisol concentration was measured as described by Yeh et al. (2013) .
Survival analysis
Three replicates of 30 larvae per condition were incubated in eggwater or eggwater plus 0.01, 0.05, 0.1, 0.5, 1, 2.5, 5, or 10 mM HCl. Alternatively, groups of larvae were incubated in E2 medium or E2 medium plus 25, 50, 100, 250, 500, 750, 1000, or 1500 mM NaCl. Surviving larvae were counted after 2, 5, 8, 10, 15, 20, 30, 35, 45 , and 60 min.
Results
Salinity and pH alterations trigger different levels of behavioral and physiological stress reactions
We chose to examine the response of CRH cells to altered salinity and pH in the surrounding medium because, for larval zebrafish, a sudden change in the composition of the surrounding water can pose a severe threat to homeostasis. To allow for robust determination of stress levels arising from alterations in salinity and pH, we used the following three independent measures: behavioral, endocrine, and overall survival. Throughout this study, we used salinity [6.7 and 12.6 parts per thousand (ppt)] and pH levels 6.0 and 4.5, which exceed those found in natural habitats, where salinity typically fluctuates between 0.1 and 0.66 ppt (Lawrence, 2007) , and pH fluctuates between 7.9 and 8.2 (McClure et al., 2006; Spence et al., 2006; Engeszer et al., 2007) . In this study, salinity values of 6.7 and 12.6 ppt are referred to as NaCl low and NaCl high , respectively, while pH values of 6.0 and 4.5 are referred to as HCl low and HCl high , respectively. Larvae showed clear avoidance behavior in response to sudden variations in salinity or pH, as they rapidly moved away from a spot of locally applied concentrated NaCl or HCl solution and continued to avoid this area for a recording period lasting 180 s (Fig. 1A) . Avoidance reactions did not occur when E2 control medium was added (see also De Marco et al., 2014) . Changes in pH elicited more pronounced behavioral effects compared with changes in salinity, suggesting that while both represent stressful inputs, these inputs vary in their intensity. Similarly, we also observed a sudden increase in locomotor activity after globally increasing the NaCl or HCl concentration within the testing arena (Fig. 1B) . Varying NaCl or HCl concentrations altered larval locomotion to different extents (average motion 10 s after the addition/average motion 10 s before the addition; two-way ANOVA: stressor, F ( . Salinity and pH changes trigger behavioral and physiological stress reactions. A, Representative traces of larvae after the addition of a drop of concentrated NaCl (left) or HCl (right) solution to the medium, showing that larvae avoid the spot where the drop has been placed (gray circles). Depicted in red are x-y coordinates during 180 s. Avoidance was more pronounced after delivery of concentrated HCl solution compared with concentrated NaCl solution. B, Representative motion traces of a single larva before and after perfusion with NaCl (left) or HCl (right) solutions (perfusion onset is indicated by red lines) of different concentrations. C, Locomotion (measured as a fold change: average motion 10 s after the addition of either HCl or NaCl/average motion 10 s before the addition of either HCl or NaCl) increased shortly after the global addition of concentrated solution to the medium. For the conditions chosen here, locomotion changes were more pronounced following a change in pH compared with a change in salinity; for both types of stressors, locomotion increased as NaCl or HCl concentration increased. The data are presented as the mean Ϯ SEM (asterisks indicate significant differences; sample size is in parentheses). D, E, Changes in salinity (D) or pH (E) elicited a dose-dependent increase in whole-body cortisol concentration in larvae. Red lines connect means, bracketed numbers represent sample size (one data point represents a group of 30 larvae), and letters designate the results of the post hoc comparisons. Data points with different letters indicate significant differences, while data points with the same letters do not. F, Differences in responses to pH and salinity became apparent when input fold change was plotted against cortisol fold change (i.e., small changes in pH induced large changes in cortisol levels, while larger changes in conductivity were required to produce an effect of the same magnitude). G, H, Acidification and salinity changes compromised survival in a dose-and time-dependent manner.
0.1739), suggesting that these inputs result in a dose-dependent modulation of the behavioral stress response (Fig. 1C) .
To assess the level of stress axis activation elicited by salinity and pH changes, we measured postexposure whole-body cortisol concentration (the main GC in zebrafish). Whole-body cortisol concentration in larvae exposed to different concentrations of NaCl or HCl (for 10 min) increased in a concentrationdependent manner (one-way ANOVA: NaCl, F (3,39) ϭ 107.0, p Ͻ 0.0001; HCl: F (3,39) ϭ 97.4, p Ͻ 0.0001, followed by post hoc comparisons; Fig. 1D,E) , indicating that these environmental changes trigger differential HPA axis activation (Fig. 1F ) . Last, to assess the severity of our stress conditions, we also measured the survival rate of the larvae. While the survival rate decreased over time following exposure to increasing NaCl and HCl concentrations, changes in pH led to a more dramatic reduction in survival compared with changes in salinity (Fig. 1G,H ) . Altogether, our results indicate that the pH and salinity conditions chosen here are stressful inputs of different intensities that can create a range of stress levels in larval zebrafish.
Stress-evoked in vivo activity recordings in CRH neurons using two-photon Ca 2؉ imaging To measure how hypothalamic CRH neurons in an intact animal respond to stressors, we developed a custom-made in vivo imaging chamber equipped with temperature control and perfusion systems, a solenoid valve, a temperature sensor, and two different sets of electrodes to measure real-time pH and junction potential (as a proxy for salinity; Fig. 2A ). The setup allowed the exact monitoring of stimulus onset and strength while imaging neuronal activity using a two-photon microscope (Denk et al., 1990) , as shown by the time curves of salinity and pH level (Fig. 2 B, C) . To assess in vivo CRH neuronal activity, we targeted the calcium indicator GCaMP3.0 to the NPO (Fig. 2D) , an area that is homologous to the rodent PVN (Herget et al., 2014) . GCaMP3.0 was targeted to the NPO using a promoter element of the otpa transcription factor containing an evolutionarily conserved NPOspecific enhancer module (Gutierrez-Triana et al., 2014) . To identify CRH cells in vivo, we generated a transgenic line expressing the red fluorophore tagRFP under the control of the crh promoter using transposon-mediated BAC recombineering (Suster et al., 2011) . Whole-mount in situ hybridization revealed that 81.7 Ϯ 3.5% (mean Ϯ SEM) of the labeled RFP cells were CRH positive within the NPO. However, of the total NPO CRH population, only 39.5 Ϯ 4.1% were labeled in the transgenic line. We imaged CRH neuronal activity in vivo using the doubletransgenic line Tg(crh:RFP); Tg(otpa3kb:GCaMP3.0) . Instead of directly expressing GCaMP3.0 under the crh promoter, we used this double-transgenic approach to compare CRH-positive cells with other (CRH-negative) neuroendocrine cells in the NPO. For each experiment, we confirmed the identity of CRH cells by post hoc staining of CRH, GCaMP3.0, and RFP (Fig. 2E) . The transgenically labeled RFP cells thereby served as landmarks, facilitating the registration of activity data from cells imaged in vivo with the post hoc-stained cells. The neuroendocrine nature of the RFPlabeled CRH cells was confirmed by a complete overlap of RFP and CRH immunohistochemistry signals in the pituitary gland (Fig. 2F ) . In mammals, CRH neurons in the PVN target the anterior pituitary (adenohypophysis) through a portal blood vessel system called the median eminence (ME). In contrast, the ME is absent in zebrafish, and neuroendocrine cells project directly into the pituitary. To determine the target site of CRH neurons within the pituitary gland, we used crabp1 as a marker for the neurohypophysis (Toro et al., 2009 ), pit1 as a marker for the adenohypophysis (Pogoda and Hammerschmidt, 2007) and the Tg(POMC:GFP) transgenic line to label corticotroph cells (Liu et al., 2003) . Immunohistochemistry was used to detect RFP. Transgenically labeled CRH fibers primarily innervated the posterior pars distalis of the pituitary gland, although corticotroph cells were also detected in the anterior pars distalis (Fig. 2G) .
Stress exposure leads to a recruitment of inactive CRH cells Ca 2ϩ signals from genetically identified CRH cells showed a lowfrequency phasic activity, a feature that we used subsequently to determine the activity status of a cell by quantifying the number of above-threshold Ca 2ϩ events (for details on event detection, see Materials and Methods). We observed both active cells (Ͼ0 Ca 2ϩ events; 44.5% of the 200 CRH cells recorded in total) and inactive cells (0 Ca 2ϩ events; 55.5% of the 200 CRH cells recorded in total) under basal conditions, as well as activity changes after the onset of the stimulus (i.e., a change in salinity or pH). Four different response categories could be distinguished based on the observed number of Ca 2ϩ events. Using "the number of Ca 2ϩ events during 100 s after the stimulus onset" minus "the number of Ca 2ϩ events during 100 s before the stimulus onset" as a measure of the response, the following categories emerged: (1) "responsive up" (increased number of Ca 2ϩ events); (2) "responsive down" (decreased number of Ca 2ϩ events); (3) "nonresponsive active" (Ca 2ϩ events were invariant to the stimulus); and (4) "nonresponsive inactive" (Ca 2ϩ events were absent; Fig. 3A) . We quantified the percentage of cells falling within each of these categories when larvae were treated with either type of stressor at varying intensity (NaCl low ϭ 6.7 ppt; NaCl high ϭ 12.6 ppt; HCl low ϭ pH 6.0; HCl high ϭ pH 4.5; Fig. 3B ). The number of responsive up cells increased with stressor intensity and was higher in CRHpositive compared with CRH-negative cells (G-test with Bonferroni correction, ␣ ϭ 0.005; E2 medium, G ϭ 1.5, p ϭ 0.22; NaCl low , G ϭ 9.7, p ϭ 0.002; NaCl high , G ϭ 8.4, p ϭ 0.0037; HCl low , G ϭ 8.6, p ϭ 0.0035; HCl high , G ϭ 13.5, p ϭ 0.0002). In contrast, the number of responsive down cells was invariant to the various stressful conditions in both CRH-positive and CRH-negative cells (E2 medium, G ϭ 0.2, p ϭ 0.6877; NaCl low , G ϭ 2.2, p ϭ 0.1414; NaCl high , G ϭ 0.0, p ϭ 0.9529; HCl low , G ϭ 2.4, p ϭ 0.1252; HCl high , G ϭ 4.1, p ϭ 0.0417). Upon stressor exposure, the number of nonresponsive inactive cells was much lower in CRH-positive compared with CRHnegative cells (G-test with Bonferroni correction, ␣ ϭ 0.005; E2 medium, G ϭ 2.5, p ϭ 0.1162; NaCl low , G ϭ 19.1, p ϭ 0.0000; NaCl high , G ϭ 11.3, p ϭ 0.0008; HCl low , G ϭ 20.4, p ϭ 0.0000; HCl high , G ϭ 34.3, p ϭ 0.0000). Further, in CRH-positive cells, the number of nonresponsive inactive cells decreased as stressor intensity increased. Last, the number of nonresponsive active cells was more variable and largely insensitive to the various stressors in both CRH-positive and CRH-negative cells (E2 medium, G ϭ 0.4, p ϭ 0.5503; NaCl low , G ϭ 1.7, p ϭ 0.1970; NaCl high , G ϭ 0.5, p ϭ 0.4965; HCl low , G ϭ 7.8, p ϭ 0.0052; HCl high , G ϭ 0.1, p ϭ 0.7511). The high proportion of nonresponsive active CRH cells under the low-HCl stress condition might be a consequence of a high baseline activity in some cells; however, the baseline activity of CRH cells subjected to the low-HCl stress condition was not significantly different from the baseline activity of CRH cells subjected to the other stressful conditions. For the statistical analysis, the above comparisons of response categories were made using individual cells-not individual larvae-as experimental units, as the number of CRH cells per larva recorded ranged from 1 to 7 cells. To rule out a potential bias arising from pseudo-replication, we examined the relationship between the percentages of cells that fell within each category when individual cells versus larvae were used as the units of comparison. Both ap-proaches yielded similar outcomes (Pearson's correlation, R 2 ϭ 0.9848, p Ͻ 0.0001; Fig. 3C ).
To further analyze the activity changes of individual cells, we looked at the frequency distribution of the number of prestimulus and poststimulus Ca 2ϩ events following application of different stressor treatments. Figure 4A shows 2D histograms depicting shifts in the distribution of cell numbers with increasing stressor intensity in CRH-positive cells. Most of the changes occurred in previously inactive cells (Fig. 4A, top row  of each histogram) . In contrast, the majority of CRH-negative cells remained inactive or exhibited lower activity levels compared with CRH-positive cells. Only 1.48% of CRH-negative cells (n ϭ 202 CRH-negative cells recorded in total, including all conditions) showed four Ca 2ϩ events per 100 s, compared with 4.5% for CRH-positive cells (n ϭ 200 CRH-positive cells recorded in total, including all conditions). Similarly, frequency distribution histograms of changes in the number of Ca 2ϩ events were shifted to the right as stressor intensity increased in CRH-positive cells, whereas frequency distribution histograms for CRH-negative cells showed higher kurtosis (kurtosis: CRH-positive, NaCl low ϭ 0.09321, NaCl high ϭ 0.09502, HCl low ϭ Ϫ0.1228, HCl high ϭ Ϫ0.6546; CRH Ϫ , NaCl low ϭ 6.009, NaCl high ϭ 3.344, HCl low ϭ 2.828, HCl high ϭ 0.8380; Fig. 4B ). Thus, as stressor intensity increases, the num- ber of responsive up cells increases through the recruitment of previously inactive cells, while they also show an increase in the number of Ca 2ϩ events.
The magnitude of activity change covaries with stressor intensity
We then asked whether the magnitude of activity change varies with the level of stress. We analyzed the average changes in the number of Ca 2ϩ events of responsive cells for each condition (Fig. 4C) . Changes in the number of Ca 2ϩ events for responsive up cells did not differ for high levels of osmotic stress compared with pH stress, but there was a trend (significant for pH stress) toward an increase in the number of Ca 2ϩ events as homotypic stress increased (Kruskal-Wallis test, H ϭ 16.01, p ϭ 0.003; followed by DunnЈs multiple comparisons, p Ͻ 0.05). No such trend was observed for responsive down cells; however, the low number of cells in this category precluded the detection of possible differences. No significant trend was observed in CRH-negative cells (Kruskal-Wallis test: responsive up, H ϭ 7.07, p ϭ 0.1322; responsive down, H ϭ 2.015, p ϭ 0.7329, followed by Dunn's multiple comparisons, p Ͻ 0.05). To further assess the magnitude of activity changes in responsive cells, we analyzed the amplitude of the Ca 2ϩ events (Fig. 4D, left) and the area under the curve (AUC; using the mean plus 2 SDs as a threshold; Fig. 4D, right) . Similar to the number of Ca 2ϩ events, Ca 2ϩ event amplitude and the AUC increased as homotypic stress increased and was the same regardless of the type of stressor (Kruskal-Wallis test: amplitudes, H ϭ 33.02, p Ͻ 0.0001; AUCs, H ϭ 23.66, p Ͻ 0.0001, followed by DunnЈs multiple comparisons, p Ͻ 0.05). These results indicate that the magnitude of activity change in CRHpositive cells does not differ between animals subjected to osmotic stress compared with animals subjected to pH stress. Importantly, however, the magnitude of activity change in CRH-positive cells covaried with stressor intensity.
Stress-induced activities are synchronized
We observed that CRH cells, even when located in different hemispheres, showed very similar response patterns (Fig. 5 A, B) , and the onset times of Ca 2ϩ events within individual animals differed only slightly between the CRH cells, if at all (Fig. 5C ). This observation, together with evidence for synchronization and highly coordinated activity reported for other neurosecretory cell populations in rodents (Belin et al., 1984; Belin and Moos, 1986; Israel et al., 2003) , led us to speculate that CRH cell activities might be synchronized as well. We therefore performed cross- The number of cells in each category was quantified as a percentage of the total number of cells (CRH-positive E2 medium, n ϭ 31; CRH-negative E2 medium, n ϭ 31; CRH-positive NaCl low , n ϭ 45; CRH-negative NaCl low , n ϭ 46; CRH-positive NaCl high , n ϭ 42; CRH-negative NaCl high , n ϭ 44; CRH-positive HCl low , n ϭ 35; CRH-negative HCl low , n ϭ 35; CRH-positive HCl high , n ϭ 47; CRH-negative HCl high , n ϭ 46). C, Comparison of the number of cells that fell within each category when individual cells vs larvae were used as experimental units. The numbers in each category deviated only slightly (Pearson's correlation). Each of the 10 conditions indicated in the figure encompass four data points corresponding to the four categories (responsive up, responsive down, nonresponsive active, and nonresponsive inactive).
correlation analyses on CRH-positive cells within one animal, prestimulus and poststimulus, and found high levels of synchronicity among CRH-positive cells (Fig. 5D ). To test whether synchronicity was specific to CRH cells, or whether it was a common feature of neuroendocrine cells, we also performed cross-correlation analyses on CRH-negative cells, which consist of a heterogeneous population of NPO cells. Our results reveal synchronicity among CRH-negative cells despite their heterogeneity, suggesting a high level of coordinated activity among the NPO cells.
We hypothesized that if synchronicity emerges from intrahypothalamic signal propagation through electrical coupling or chemical transmission involving somatodendritic release, one would observe a higher degree of synchronicity between cells that are closer to each other. In contrast, if the synchronicity arises from synchronized afferent inputs, the extent of In contrast, most CRH-negative cells remained nonresponsive, regardless of stressor intensity. Shaded in gray are nonresponsive cells (active and inactive) that did not show a change in the number of Ca 2ϩ events in response to the stimulus. C, The response magnitude of CRH-positive cells, but not of CRH-negative cells, increased with stressor intensity regardless of the type of stressor. The response magnitude of responsive down cells was unaffected by stressor intensity. The data are presented as the means Ϯ SEM; asterisks indicate significant differences at p Ͻ 0.05 and p Ͻ 0.01. D, The stimulus-induced change in amplitude of the fluorescence signal (left) and the change in the area under the curve of the peaks (peak AUC; right) increased with stressor intensity regardless of the type of stressor applied. The data are presented as the mean Ϯ SEM; asterisks indicate significant differences at p Ͻ 0.05, p Ͻ 0.01 or p Ͻ 0.001. nr., Number; resp., responsive.
synchronicity would be independent of the distance between CRH cells. To distinguish between these two possibilities, we compared cross-correlation histograms from all cells within the left hemisphere, the right hemisphere, or across hemispheres for three animals that showed activity in a sufficiently large number of CRH cells in both hemispheres. In all three animals, synchronicity within one given hemisphere was slightly weaker than synchronicity across hemispheres, which indicates that synchronicity is independent of the distance between cells (Fig. 6) . , resulting in 91 cross-correlations; CRH-negative NaCl low , 3 animals in total (each with 2 cells), resulting in 3 cross-correlations; CRH-negative NaCl high , 5 animals in total (2 animals with 2 cells, 2 animals with 3 cells, 1 animal with 5 cells), resulting in 18 cross-correlations; CRH-negative HCl low , 5 animals in total (2 animals with 2 cells and 3 animals with 3 cells), resulting in 11 cross-correlations; CRH-negative HCl high , 7 animals in total (4 animals with 2 cells and 3 animals with 3 cells), resulting in 13 cross-correlations.
Discussion
Our results indicate that CRH cells regulate their output to different intensities of stress in the following two ways: at the population level by varying the pool of responsive cells; and at the individual cell level by varying the strength of the response (Fig. 7) . The two stimuli used here, applied at two different intensities, created different levels of stress. This was reflected in changes in the behavioral and physiological output that correlated well with the pattern of activity increase in CRH cells. Stressor-induced changes in CRH cell activity are highly coordinated, but the coordination goes beyond the stress system and may involve different cell types in the whole NPO, suggesting that there is cross talk between CRH cells and other neuroendocrine cells.
In rats, electrophysiological and anatomical features of parvocellular PVN neurons, which include CRH cells, have been characterized extensively (Hoffman et al., 1991; Tasker and Dudek, 1991; Luther and Tasker, 2000; Luther et al., 2002) , and CRH cell activation following a stressful input has been detected through increased c-fos expression (Ceccatelli et al., 1989; Senba et al., 1993; Cullinan et al., 1995) . The recent development of transgenic mouse lines that allow identification of CRH cells in vivo (Alon et al., 2009; Martin et al., 2010; Wamsteeker Cusulin et al., 2013; Itoi et al., 2014) , as well as the development of new techniques that permit imaging or electrophysiological measurement in awake, behaving animals, will be crucial to characterize rodent CRH cell activity, function, and plasticity in vivo. Nevertheless, the recording of cellular activity in intact animals, especially from deeper brain areas, is a difficult task that is greatly facilitated by the transparency and small size of zebrafish larvae. The development of our transgenic CRH line was key to the identification and recording of CRH activity in vivo in intact zebrafish larvae. Transgenic labeling did not fully cover endogenous CRH expression, a phenomenon also observed in some mouse lines with transgenically labeled CRH cells [e.g., in which one-third of all CRH cells were labeled (Itoi et al., 2014) , in which there was less GFP expression than endogenous CRH expression (Alon et al., 2009) , or in which nearly all CRH cells (96%) coexpressed tdtomato (Wamsteeker Cusulin et al., 2013) ]. Nevertheless, the transgenic line allowed us to uncover general characteristic properties of zebrafish CRH cells (slow-acting, phasic) during stress exposure. Because we have used zebrafish larvae for our analysis, in which neurons are in an immature state, future studies should address the response of mature CRH neurons.
It remains difficult to estimate spontaneous CRH activity under basal, unstressed conditions because in our studies larvae were fixed in agarose, which represents a stressful condition. Hence, the E2 medium condition represents the lowest of the five stress levels compared in this study. The slow-acting properties of the CRH cells, along with the technical challenge of assessing the whole population of CRH cells, necessitated the use of extreme salinity and pH conditions in this study. Although the larvae were slightly stressed in embedded conditions, our results show that the increasing activity of CRH neurons correlates well with increasing levels of stress.
pH and salinity changes led to avoidance behavior and cortisol increase in zebrafish larvae, indicating that the CRH activities measured here are indeed stress responses. However, it remains to be dissected which features of a stimulus lead to the activation of CRH cells (e.g., by imaging NPO cells while presenting either aversive or appetitive stimuli such as food or prey-like visual stimuli; Preuss et al., 2014). This will help in understanding shows that responses were synchronized within and across hemispheres. Note that for larva 1 and 3, synchronicity in the left hemisphere was weaker than in the right hemisphere and across hemispheres, whereas for larva 2 synchronicity in the right hemisphere was weaker than in the left hemisphere and across hemispheres. Average cross-correlation histograms of CRH cell activity 100 s poststimulus, including SEMs (gray bands), are shown. (Larva 1: n total ϭ 7 cells; n left ϭ 3 cells, 3 cross-correlations; n right ϭ 4 cells, 6 cross-correlations; n left-right ϭ 7 cells, 12 cross-correlations; Larva 2: n total ϭ 7 cells; n left ϭ 3 cells, 3 crosscorrelations; n right ϭ 4 cells, 6 cross-correlations; n left-right ϭ 7 cells, 12 cross-correlations; Larva 3: n total ϭ 6 cells; n left ϭ 3 cells, 3 cross-correlations; n right ϭ 3 cells, 3 cross-correlations; n left-right ϭ 6 cells, 9 cross-correlations). hemi., Hemisphere. whether CRH cells are activated only by aversive, stressful stimuli or whether they also respond to any new stimulus.
In this study, we focused on the role of CRH cells during the stress response because they are known to play a major role in regulating the stress axis. However, other peptides in the PVN, such as AVP and oxytocin (Oxt), are also essential for the stress response (Gibbs, 1986) . In fact, many of these active peptides are colocalized with CRH cells, also in the zebrafish NPO (Herget and Ryu, 2015) , and might be coreleased in response to stress. Whether the functional heterogeneity of CRH cells has emerged from different peptide expression profiles in these cells remains to be elucidated.
We found that CRH neurons produce a total output that is commensurate with the intensity of a threat through the following two distinct mechanisms: adjustment of the strength of the response of individual cells; and variation in the proportion of cells that are recruited to respond. How do other neuroendocrine systems match their response magnitude to the stimulus strength? The high-frequency coordinated burst firing in rodent Oxt cells gives rise to large pulses of Oxt hormone, which induces contraction of the uterus at birth and in the milk duct during lactation (Belin et al., 1984) . The magnitude of milk ejection reflects both variations in intraburst firing rate and variations in the number of Oxt cells recruited (Belin et al., 1984; Belin and Moos, 1986) . Similarly, in magnocellular AVP cells, the integrated output of the population must closely match the hydration demand of the body to maintain fluid homeostasis within the system. AVP neurons exhibit different firing patterns (silent with no spontaneous firing, irregular firing, continuous firing, and phasic firing) and are progressively recruited to adopt a phasic firing mode as a function of hydration state (Sabatier and Leng et al., 2008) . This provides the neural basis for fine tuning the concentration of hormone in the system. Our study shows that parvocellular CRH neurons adopt a similar mechanism of progressive cell recruitment to adjust their response magnitude to the prevailing threat.
Regulation of cells at the population level requires mechanisms of coordination among neighboring cells. In the case of AVP cells, the whole population acts as a signal integrator controlled by somatodendritic release of AVP and other coreleased neuropeptides, which act in an autocrine/paracrine manner (Moos et al., 1998; Brown et al., 2007 Brown et al., , 2008 .
In contrast, clear evidence for intrahypothalamic CRH release is sparse. Nevertheless, a local CRH-immunoreactive neuronal circuit in the PVN has been identified (Liposits et al., 1985) , and a facilitatory effect of locally applied CRH on stress-induced ACTH release (Ono et al., 1985) points to a CRH regulatory feedback loop and a neuromodulatory action of CRH within the PVN. CRH release within the PVN has been detected in sheep during stress and is thought to drive venous cortisol via ACTH (Cook, 2004) . Moreover, it has been suggested that a single episode of stress sensitizes the HPA axis through CRH acting within the PVN (Kuzmiski et al., 2010) . CRH receptor (CRHR) type 1 has been detected in the mouse PVN, but not in CRH-expressing cells (Justice et al., 2008) , and several studies have shown the induction of CRHR1 expression in the PVN after stress (Rivest et al., 1995; Van Pett et al., 2000) . To date, zebrafish CRHR expression has only been detected by RT-PCR up to 24 h postfertilization (Alderman and Bernier, 2009 ). Therefore, intrahypothalamic communication via locally released CRH in the zebrafish remains speculative and needs further investigation. In addition to CRH, other coreleased peptides might serve to coordinate CRH activity. Indeed, crh is highly coexpressed with avp within the NPO, and is occasionally coexpressed with oxt, proenkephalin A, pro-enkephalin B, neurotensin, and somatostatin 1.1 (Herget and Ryu, 2015) .
Periodicity and synchronization of bursting activity have been shown for rodent Oxt cells in vivo (Belin et al., 1984; Belin and Moos, 1986) , and studies using organotypic slice cultures point to an intrahypothalamic pulse generator consisting of glutamatergic neurons (Israel et al., 2003) , which can be influenced by local Oxt release (Jourdain et al., 1998) . While these studies suggest that synchronization among the Oxt neuron population results from the synchronization of afferent volleys, rather than electrical coupling, earlier reports provide evidence for intrahypothalamic dye transfer via gap junctions (Andrew et al., 1981; Hatton, 1997) . In contrast, phasic firing in AVP neurons is asynchronous (Leng and Dyball, 1983; Brown, 2004) , giving rise to a smooth (rather than a pulsatile) hormonal release profile. Similar to Oxt, a pulsatile release of gonadotropin-releasing hormone 1 (GnRH1), rather than a sustained elevation, is required to activate pituitary gonadotropin release and steroid release from the gonads (Belchetz et al., 1978; Moenter, 2010) . Synchronized and coordinated activity among GnRH1 neurons in the preoptic area in cichlid fish has recently been attributed to coupling at electrical synapses, mediated by the gap junction protein Gdj2 (also known as connexin 36 in mammals and connexin 35 in fish; Ma et al., 2015) , but such a mechanism has yet to be verified in other species, including mammals. Although expression of the gap junction protein connexin 35 has been detected during zebrafish CNS development (Jabeen and Thirumalai, 2013), conclusive evidence for electrical coupling within the zebrafish NPO is lacking.
It is conceivable that the coordination of cell populations in the zebrafish NPO occurs via intrahypothalamic peptide release, synchronization of neuronal activity via gap junctions, or by afferent inputs; however, the exact mechanism underlying the striking synchronicity of CRH cells reported here must still be elucidated.
